By crystallization from strongly acidic aqueous solutions, nickel and zinc tetrahydrogen-decaoxodiperiodate hexahydrate, NiH 4 I 2 O 10 ·6H 2 O and ZnH 4 I 2 O 10 ·6H 2 O, have been obtained and found to be isotypic to CuH 4 I 2 O 10 ·6H 2 O (P2 1 /c, no. 14) with the lattice parameters a = 1070.3, b = 544.0, c = 1187.2 pm, β = 112.6 • for the Ni compound and a = 1073.3, b = 545.3, c = 1189.5 pm and β = 112.5 • for the Zn compound. The crystal structure of MgH 4 I 2 O 10 ·6H 2 O has been reinvestigated and contrary to former results found to be isotypic to the Cu compound as well. IR and Raman spectra are given and analyzed with respect to the internal vibrations of the H 4 I 2 O 10 2− ion and the hydrogen bonding system. According to high-temperature Raman spectra and DTA and TG measurements, the compounds decompose in the temperature range up to 300 • C via unknown salts with the anions H 4 IO 6 2− and IO 4 − to the corresponding iodates. In the case of the Ni compound the exothermic decomposition to the iodate occurs in two steps.
Introduction
In the literature only very few data can be found on periodates with the anion H 4 I 2 O 10 2− . The first tetrahydrogendecaoxodiperiodate, Li 2 H 4 I 2 O 10 , was obtained in 1996 by Jansen and Müller [1] by dehydration of LiH 4 IO 6 ·H 2 O at 83 • C. Some years later Nagel et al. [2] were successful in preparing MgH 4 I 2 O 10 ·6H 2 O from a strongly acidic (pH < 1) solution by reaction of a 30 % solution of periodic acid with basic magnesium carbonate. In the same paper the existence of a presumably isotypic ZnH 4 I 2 O 10 ·6H 2 O has been reported. According to [2] , MgH 4 I 2 O 10 ·6H 2 O crystallizes monoclinically in space group P2 1 , but in the ICSD data base besides the structure with space group P2 1 an averaged structure with space group P2 1 /c is recorded also citing the same original paper of Nagel et al. [2] . Therefore we decided to reinvestigate the structure of MgH 4 I 2 O 10 ·6H 2 O and to investigate that of the corresponding Zn compound.
In the course of this study we have been looking also for Ni periodates. According to the lit-0932-0776 / 08 / 1200-1367 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com erature, in the system NiO-H 2 O-I 2 O 7 there exist only two compounds: Zhang et al. [3] reported on NiH 3 IO 6 ·6H 2 O and Nabar and Athawale [4] described the compound Ni 2 HIO 6 ·3H 2 O. Of these two compounds the trihydrogenhexaoxoperiodate has been investigated by X-ray diffraction methods and by vibrational spectroscopy while Ni 2 HIO 6 ·3H 2 O has been characterized by thermoanalysis only. Ni salts of the diperiodic acid H 6 I 2 O 10 have not been known until now.
The vibrational spectra of the different decaoxodiperiodate ions are not well known. There are only three papers in the literature [2, 4, 5] dealing with the IR and Raman spectra of the diperiodate ion and the assignment of its internal vibrations. Recently we have published a vibrational analysis of the H 4 I 2 O 10 2− ion including quantum chemical calculations [6] in which we found that the Raman lines and IR absorptions with the highest wavenumbers in the range below 1000 cm −1 are due to torsional vibrations of the I-OH groups and not due to the terminal I-O bonds of the ion as claimed in earlier papers. [5] . Details of the structural analysis are given in Table 1 . The structures were refined to R 1 < 2.5 and wR 2 < 5.7 %. Selected bond lengths and angles are given in Table 2 .
As our reinvestigation of the crystal structure of MgH 4 I 2 O 10 ·6H 2 O shows, this compound does not crystallize in a structure of space group P2 1 as claimed by Nagel et al. [2] 6 ] 2+ octahedra consist of chains of octahedra linked to each other by hydrogen bonds OW2-H22···OW1 (see Fig. 1 ) running parallel to the b axis. All the other hydrogen atoms of the water molecules form hydrogen bonds to the periodate ions. So there is no direct connection between the chains of octahedra via hydrogen bonds. The diperiodate ions on the other hand are interconnected by hydrogen bonds O1-H1···O2 to form chains in the direction of the b axis and by hydrogen bonds O2-H2···O3 between these chains to form layers parallel to (100) (see Fig. 2 ). Contrary to the [Cu(H 2 O) 6 ] 2+ octahedra which show a strong Jahn-Teller distortion [5] , all the
2+ octahedra in the compounds reported in this paper are nearly ideal (see Table 2 ), but still the distances OW2-M which are longest in the Cu compound are slightly longer than the distances OW1-M and OW3-M. The angles between cis-standing water molecules are found in the range 93 • -87.7 • with the strongest deviation from the ideal value in the case of the Ni compound. The structure of the H 4 I 2 O 10 2− ion (see Fig. 3 ) is nearly unaffected by the nature of the metal ion. All distances and angles within the diperiodate ions remain the same within a very narrow range (see Table 2 ). 1064 nm) we found that this compound decomposes if the measurement is done with a too high power of the laser due to a local warming of the sample in the focus of the laser beam. But with a laser power below 18 mW a spectrum could be obtained without any sign of decomposition.
Vibrational spectroscopy

Internal vibrations of the H 4 I 2 O 10 2− ions
In the region of the internal vibrations of the H 4 I 2 O 10 2− ions 4 maxima are observed (Fig. 5) analogous to the spectrum of MgH 4 I 2 O 10 ·6H 2 O (compare Nagel et al. [2] ) in the Raman spectra and 7 absorption peaks in the IR spectra (Fig. 4) corresponding Raman-active vibration is strongly coupled to the symmetrical I-O stretching vibration of the bridging oxygen atoms. A compilation of these assignments in comparison to the calculated frequencies of the H 4 I 2 O 10 2− ion [6] is shown in Table 3 . Unequivocal assignments of the deformation vibrations of the periodate ion which are strongly coupled to some of the I-O stretching modes and to librational modes of the water molecules as well as of the stretching and deformation vibrations of the [M(H 2 O) 6 ] 2+ octahedra are not possible due to the large number of possible vibrations. 
Hydrogen bonds
The IR-active stretching vibrations of the water of crystallization are found for all three compounds between 3500 and 2900 cm −1 due to hydrogen bonds of different strength. Accordingly, the OD stretching vibrations of matrix isolated samples with HDO molecules are found between 2660 and 2130 cm −1 as can be seen from Fig. 6 . In Table 4 a tentative assignment of the wavenumbers of the OD stretching vibrations ν(OD) obtained from the low temperature spectra of isotopically dilute samples to the O···O distances obtained from the structure data is given together with the O···O distances calculated from these frequencies by the correlation of Mikenda [7] . This assignment is complicated by the fact that according to the ab initio calculation [6] the OH stretching vibrations of the acidic protons of the periodate ions are expected within the same wavenumber range as the OD stretching vibrations of HDO molecules. As can be seen from Table 4 the distances of oxygen atoms coupled via hydrogen bridges are between 290 and 260 pm.
Thermochemistry of ZnH 4 I 2 O 10 ·6H 2 O
The thermal decomposition of ZnH 4 I 2 O 10 ·6H 2 O was studied by differential thermal analysis (DTA) and thermogravimetrical analysis (TG) in the temperature range 25 -475 • C (Fig. 7) as well as by hightemperature Raman spectroscopy (Fig. 8) which is in accord with the experimental data, is shown in Table 5 .
As the thermal analysis and the high-temperature Raman spectra show (Figs. 7 and 8 ), ZnH 4 I 2 O 10 ·6H 2 O is stable up to ∼ 75 • C. The DTA diagram exhibits an endothermic effect at 80 • C which is probably due to a conversion of the tetrahydrogendecaoxodiperiodate to the monoperiodate Zn(H 4 IO 6 ) 2 ·4H 2 O. This is supported by the great similarity of the Raman spectrum of this compound to the spectrum of Be(H 4 IO 6 ) 2 ·4H 2 O published by Maneva et al. [8] . The X-ray powder data of a sample decomposed at 80 • C compiled in Table 6 can be fully indexed on the basis of an orthorhombic unit cell with a = 1902.6, b = 3376.0 and c = 546.1 pm.
At temperatures up to 120 • C the monoperiodate Zn(H 4 IO 6 ) 2 ·4H 2 O looses 3 moles of H 2 O (mass loss: found 9.49 %, calcd. 9.13 %) forming the monohydrate Zn(H 4 IO 6 ) 2 ·H 2 O.
The compound formed in the temperature interval 130 -170 • C could not be identified by Raman spectroscopy beyond doubt. Presumably this material is a hitherto unknown metaperiodate Zn(IO 4 ) 2 ·2H 2 O. The calculated mass loss of 18.27 % for 3 moles of water is in good accordance with the experimental value of 18.3 %. The X-ray powder data for a sample decomposed at 150 • C (Table 7) can be indexed in the monoclinic system with the lattice parameters a = 1776.2, b = 493.1, c = 942.9 pm and β = 101.72 • .
The exothermic peak at 170 • C accompanied by a mass loss of 29.1 % is due to the formation of zinc iodate Zn(IO 3 ) 2 . The calculated mass loss for 2 moles of H 2 O and 1 mole of O 2 is 29.7 %. In the Raman spectrum of this product the vibrations characteristic for iodates are observed in the region 810 -730 cm −1 . The powder diffraction diagram of a sample decomposed at 300 • C is in good accordance with the data calculated on the basis of the structural data for Zn(IO 3 ) 2 given by Liang and Wang [9] . 
Thermochemistry of NiH 4 I 2 O 10 ·6H 2 O
NiH 4 I 2 O 10 ·6H 2 O already decomposes in the laser beam during the measurement of the Raman spectra if the laser power is > 20 mW. Therefore hightemperature Raman spectra of this compound could not be obtained, but the spectra produced with variable power of the laser (Fig. 9 ) also give some insight in the thermal decomposition process of the Ni salt. The decomposition of the substance which starts at about 20 mW is due to a warming of the sample in the focus of the laser beam leading to dehydration and a transformation. This reaction is nearly complete at a laser power of 40 mW. The spectrum obtained at this laser power shows an intense peak at 798 cm −1 pointing to the formation of a metaperiodate as the decomposition product.
Results of the DTA and TG measurements on NiH 4 -I 2 O 10 · 6H 2 O are shown in Fig. 10 . A scheme for the thermal decomposition of NiH 4 I 2 O 10 ·6H 2 O, which is in accordance with the experimental data, is shown in Table 8 .
According to the thermal analysis (Fig. 10 ) the dehydration of Ni(H 4 IO 6 ) 2 ·4H 2 O starts at 80 • C with an endothermic reaction accompanied by the loss of 2 moles of water. The shoulder which can be observed on the corresponding peak (Fig. 10) points to a two-step reaction for this process. For the first step we assume -in analogy to the decomposition of Zn(H 4 IO 6 ) 2 · 4H 2 O (s. above) -a change from the diperiodate to a monoperiodate. This assumption is supported by a comparison of the Raman spectrum of Zn(H 4 IO 6 ) 2 ·4H 2 O measured at 120 • C (Fig. 7) and that of the product of the decomposition of Ni(H 4 IO 6 ) 2 · 4H 2 O in the laser light (Fig. 10, 40 mW) . Both spectra show a great similarity in the region of the internal vibrations of the periodate ions.
The tetrahydrogenhexaoxoperiodate looses again 2 moles of water and undergoes a transformation to the metaperiodate Ni(IO 4 ) 2 ·2H 2 O in the temperature range 130 -160
• C in a two-step process. The exothermic reaction at 165 • C is accompanied by a mass loss of about 2.5 % due to a partial reduction of the periodate by splitting off 1/2 mole O 2 (∆m theor : 2.75 %). This is in agreement with the formation of a sample with the composition Ni(I 2 O 7 )·2H 2 O. The The last 2 moles of water are split off in another exothermic process at 180 • C shortly before at 220 • C the anhydrous iodate Ni(IO 3 ) 2 is formed by loss of another 1/2 mole of oxygen. As can be seen from powder X-ray diffraction data, the final product of the thermal decomposition of NiH 4 I 2 O 10 ·6H 2 O is NiO at 600 • C.
Experimental Section
The products of the thermal decomposition of the Ni and Zn periodates have been characterized by X-ray powder diffraction using a Siemens powder diffractometer D5000 equipped with a primary monochromator and a position-sensitive detector PSD-50M (Braun GmbH) with CuK α1 (λ = 154.05 pm) radiation. The calculation of the lattice parameters was done with the program package VISUAL X POW .
The infrared spectra of the compounds were measured at r. t. on powdered samples with a Bruker FTIR spectrometer IFS 113v using Nujol and polychlorotrifluoroethylene mulls on CaF 2 or polyethylene windows and with a Bruker FTIR spectrometer Tensor 27 using a MIRacle ATR unit. KBr, CsI or NaCl windows cannot be used because of their reaction with the periodate. As a consequence the measuring range was restricted to > 1000 cm −1 . The Raman spectra were recorded with the laser Raman spectrograph Dilor Omars 89 in 90 • measuring geometry with an excitation wavelength of 514.5 nm, and in 180 • measuring geometry with a Bruker Raman spectrometer RFS 100/S with an excitation wavelength of 1064 nm of a Nd : YAG laser. For the Raman measurements at low temperatures a Bruker Raman low temperature cell R 495 was used. The resolution of all vibrational spectra was fixed to 2 cm −1 .
Simultaneous differential thermal (DTA) and thermogravimetric (TG) investigations have been made in the temperature range from r. t. to 600 • C using a heating rate of 10 • C/min with a Linseis thermobalance L81 on 30 -70 mg samples. Al 2 O 3 was used as a reference. 2 (p. a., Merck) and 4.0 g periodic acid H 5 IO 6 (p. a., Merck) in 10 mL of water at r. t. The solution which had a pH of about 1 was stirred for 10 min, filtered and then stored in a desiccator over silica gel. After 3 weeks green crystals were formed which were soluble in water. 2 (p. a., Merck) in 10 mL of water. From the clear solution which had a pH < 1, colorless crystals were obtained after about 4 weeks. The crystals were separated from the solution by filtration, dried with filter paper and stored in a desiccator over silica gel.
MgH 4 I 2 O 10 ·6H 2 O
Crystals of MgH 4 I 2 O 10 ·6H 2 O were prepared according to the method given in the literature [2] .
X-Ray structure determination
For the structure determinations single crystals with dimensions given in Table 1 for the three compounds were selected. Intensity data were collected at r. t. on a Stoe IPS diffractometer (MoK α , λ = 0.7107Å, gaphite monochromator) for 3 ≤ 2θ ≤ 31 • . Absorption correction was done empirically by the program X-SHAPE. Calculations were performed with the structure determination package SHELXS/L97. A summary of the conditions of the crystal structure determination and some crystallographic data are given in Table 1 .
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (fax: (+49) 7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http:// www.fiz-karlsruhe.de/request for deposited data.html) on quoting CSD 419502 (Ni compound), CSD 419504 (Zn compound) and CSD 419503 (Mg compound).
